The present study advances a novel productivity function of knowledge workers. Cognitive science studies provide clear evidence that, for a given event, there is a difference between a worker's cognitive time and physical clock time; this difference gives rise to a cognitive time distortion. The proposed productivity function accounts for workers' dual experiences of time and the kinds of contracts utilized by an economic organization and its customers and workers. This function shows-for the first time and contrary to intuition-that, given certain conditions, workers' cognitive time and the form of contracts utilized are the only conditioners of knowledge worker productivity. The proposed productivity function unearths a hidden economic lever effect whereby a minor degree of time distortion generates a significant level of worker inefficiency. This constitutes a novel contribution to the literature on knowledge worker productivity.
Introduction
This study proposes a novel knowledge worker productivity function, which accounts for the discrepancy between a worker's physical time and cognitive time. That discrepancy, referred to here as cognitive time distortion, constitutes a major source of knowledge worker inefficiency, which is unknown and thus omitted in managerial economics.
Worker productivity has been at the heart of managerial economics at least since F. Taylor's "The Principles of Scientific Management" (Samuelson & Marks, 2014; Taylor, 1911) . Taylor focused on the industrial production of standardized physical goods by low-skilled, bluecollar workers with low unit cost (Aitken, 1985 ). Taylor's seminal "time and motion studies" regarded time as a key conditioner of worker productivity (Taylor, 1911) . However, as many economies, industries, and firms experience rapid digitalization and servitization, and are dominated by information and knowledge workers, the very conception of what human time is in the context of organizations and their management is under reconsideration (Adams, 1990; Agarwal, Sarkar, & Echambadi, 2002; Ancona, Okhusen, & Perlow, 2001; Bluedorn & Denhardt, 1988; Butler, 1995; Clark, 1985; Crossan, Cunha, Vera, & Cunha, 2005; De Toni & Tonchia, 2001; Gersick, 1988; Orlikowski & Yates, 2002; Stalk, 1988; Yakura, 2002; Zixing, Lyytinen, & Yoo, 2015) .
Recent management and organization scholarship recognizes that humans experience two kinds of temporality (Orlikowski & Yates, 2002) . Physical time refers to what is regarded as clock time, in which time is understood as a non-spatial continuum that has linear and uniform flow, is homogeneous and divisible and hence is quantitative, measurable, and objective (Das, 1990; Hassard, 1989) . Cognitive time, on the other hand, is understood as a non-spatial continuum that is an individual's interpretation of experiences and hence is heterogeneous in its structure and subjective (Starkley, 1989) . In recognition of these two kinds of temporal experiences of today's knowledge workers, organization studies have established a conflict between these two notions: physical or objective time versus cognitive or subjective time (Agarwal et al., 2002; Ancona et al., 2001; Orlikowski & Yates, 2002; Yakura, 2002) . This conflict hinders both the recognition of these two temporal experiences as equally valid and important, and the establishment of a fruitful relationship between them (Ancona et al., 2001; Agarwal et al., 2002) . Consequently, worker productivity conceptions in managerial economics disregard workers' dual temporal experiences, by reducingmanagerial decision-making which, in turn, generates significant inefficiencies owing to the ignorance of time distortions, as this study shows. This gap is the subject of the present study, with the objective of providing a worker productivity function that accounts simultaneously for physical and cognitive time, and their impact on productivity. The overall aim of the proposed model is to do more justice to the reality of knowledge workers, and thereby provide improved guidance for managerial decision-making. This study answers the question of how much worker inefficiency is caused by a given level of discrepancy between physical and cognitive time. Studies show that knowledge worker productivity is conditioned by various factors, including motivation (Carleton, 2011; Markova & Ford, 2011) , age (Gingras, Larivière, Macaluso, & Robitaille, 2008; Sharit et al., 2004) , gender (Larivière, Vignola-Gagné, Villeneuve, Gélinas, & Gingras, 2011; Leahey, 2007) , knowledge and experience (De Grip & Sauermann, 2012; Peng, 2017) , work processes (Adler & Benbunan-Fich, 2012; Felin & Foss, 2009 ), work technology (Aral et al., 2012; Wu, 2013) , and decision-making authority (Ahearne, Jelinek, & Rapp, 2005; Baer, Oldham, & Cummings, 2003) . While these and related factors are well researched by Urueña, Arenas, and Hidalgo (2018) , workers' cognitive time and its relationship with physical time and the productivity implications thereof have not been addressed by the literature. This knowledge gap motivates the present study.
Methodologically, this study represents a conceptual reconstruction of the orthodox notion of worker productivity. To do this, the elaboration in Section 2 starts by recalling three theoretical building blocks. The first is the notion of productivity as such and its key characteristics for a knowledge worker. The second building block is the empirical findings in cognitive psychology studies on the relationship between cognitive time and physical time. The third building block comes from contract theory, which provides the notions of two kinds of contracts typically utilized by a firm. The theoretical reconstruction is elaborated thereafter, together with a short illustration in Section 3. The paper discusses the results and concludes in Section 4.
The novel formalism developed here brings to the surface hidden non-linear behavior of the worker productivity function, conditioned by cognitive time. This reveals a counter-intuitive insight that even a minor difference between worker cognitive time and the corresponding physical time causes significant worker inefficiencies. In that sense, this study contributes to the current worker productivity literature with a never-before articulated factor that conditions worker productivity: workers' cognitive time distortion.
Theoretical background
Many economists regard productivity as the most central area of economics, yet one of the least understood (Krugman, 1994; Samuelson & Marks, 2014; Varian, 2014) . The relevance of productivity is manifested in the ongoing debate over the revival of the productivity paradox-the fact that most advanced economies experience simultaneous growth and negative productivity development since the beginning of this century-and its causes (Acemoglu, Autor, Dorn, Hanson, & Price, 2014; Baily & Montalbano, 2016; Brynjolfsson & McAfee, 2014; Byrne, Fernald, & Reinsdorf, 2016; Gordon, 2016) . The seemingly straightforward definition of productivity as the ratio of output volume to input volume masks the difficulties of how to identify, define, and measure inputs and outputs. Unlike situations in which simple material goods are produced, the question of productivity in the context of information and knowledge work gives rise to challenges with regard to what should be considered as output and input (Ramirez & Nembhard, 2004) . This is particularly relevant in the context of service delivery, which tends to be intangible, heterogeneous, and perishable (Grönroos & Ojasalo, 2004) . The urgency of this challenge comes from the fact that approximately 70% of workers in OECD countries are knowledge and service workers (Biemans, Griffin, & Moenaert, 2016; OECD, 2005) . Consequently, economists typically operationalize the productivity of a worker as output per hour worked (Krugman, 1994) .
In many professions, the individual knowledge worker is required to exercise a certain degree of discretion with regard to assessment of the quality of the outcome produced (Hopp, Iravani, & Liu, 2009 ). Examples include a physician deciding whether or not a patient diagnosis is completed, and a software engineer deciding whether or not the written code is good enough. Such judgements and measurements of work quality may be regarded as vague and difficult to measure. A source of this challenge is the fact that performance management in many information and knowledge professions is based on a worker's subjective assessments of both the input-that is, time utilized-and output quality (Ramirez & Nembhard, 2004) . In contrast to this subjectivity, all worker activities in the context of an economic organization are unconditionally contracted and hence are referred to as clock time (physical time), because a work activity necessarily has a start time, a duration corresponding to a temporal extension during which the work is performed, and a time when it is finalized. This temporal fact constitutes a key foundation for the present advancement of productivity theory. Unlike the Taylorian notion of worker productivity, which assumes only the physical temporal experience (Aitken, 1985) , the present approach introduces cognitive time and then elaborates its relationship to physical time in order to account for the latter's impact on worker productivity. Another building block of worker productivity theory advanced in this study comes from the fact that work performed in the context of an economic organization is necessarily governed by contracts that regulate work time. The following elaboration recalls the three main building blocks of the model proposed here: (a) central features of knowledge worker productivity; (b) empirical findings on cognitive time; and (c) key characteristics of contracts. The following subsections discuss these building blocks.
Key characteristics of knowledge worker productivity
The key characteristics of work that relate to work-time are (Samuelson & Marks, 2014; Varian, 2014 (ii) on current account; and d) Type of contracts: denotes the two key contracts of knowledge work:
(i) customer contract, which regulates output of an economic organization, and (ii) employee contract, which regulates input.
Given these articulated characteristics of workers' production, a further assumption in this study is that the mode of payment and price are agreed between the customer and supplier prior to production and delivery. Time in this context is related to the practice of individual time reports, as typically utilized in knowledge-intensive organizations (Ramirez & Nembhard, 2004) . Therefore, worker productivity, P, can be understood as follows:
where TR represents total revenues from a contracted offering, and TC denotes the total production costs of such an offering. In Eq.
(1), TR = p 1 t TOT and TC = p 2 t TOT , where p 1 denotes average market price per hour and h −1 (i.e., hour) is charged to the customer, and p 2 denotes the average salary per worker hour and h −1 is paid to the employee; t TOT refers to the total time worked with the customer, which accounts for the time for which salaries are paid and is assumed equal to the time delivered to the customer. Given Eq. (1), the output-input model of productivity can be transformed into Eq. (2):
Journal of Business Research 101 (2019) 591-596
As productivity is assessed in terms of change, the model must account for such a change and therefore measures two temporal situations, P t and P 
For the present elaboration, a key implication from Eq. (3) is that any productivity change can be measured as a product and a ratio of the value of time and, therefore, the volume of time. For clarity, any change of productivity between t and t + 1 based on time-value (and hence, price) leads to the following conclusions: (a) salary (p 2 ) decreased in order to finance the investment, and/or (b) customer price (p 1 ) increased in order to facilitate the investment. The conclusions in (a) and (b) are trivial and need no further comments; rather, the focus here is on the productivity changes due to the time-volume.
The current theoretical and managerial orthodoxy assumes that if the price value of time remains constant during period t to t + 1, meaning that no change has occurred in customer price (p 1 ) or in salaries (p 2 ), then Eq. (1) equals unity. This assumption is challenged in the following subsection by recalling empirical findings in cognitive psychology.
Cognitive time distortion
Knowledge workers' key mechanism comprises their cognitive capabilities to process knowledge, whereas physical capabilities are the key mechanism for blue-collar workers (Newell & Simon, 1972; Ramirez & Nembhard, 2004 ). Given the above-established centrality of time in the conception of worker productivity, and the present study's intention to account for knowledge workers' cognitive time, this subsection refers to the notion of cognitive time and elaborates its distortive consequence. For more than a century, psychologists have observed the empirical fact that human cognition experiences temporal duration differently from the prevalent measurement of time based on physical time (von Schéele & Haftor, 2014 , 2018 . The non-unity of the two temporal experiences is well established by cognitive sciences (e.g., Block & Eisler, 1999; Levin & Zackay, 1989; Nembhard & Uzumeri, 2000) , and is understood in this study as the ratio between physical time and cognitive time, which gives rise to cognitive time distortion. Cognitively, humans experience the non-spatial duration of events as movement in jerks and jumps (Levin & Zackay, 1989) , which is in stark contrast to the experience of physical time, which passes smoothly and at an even pace. This difference or distortion is normal and non-intentional, and is typically generated unknowingly by human cognition (Levin & Zackay, 1989) . A review of the literature shows that cognitive time distortion in the assessment of 1 cognitive hour may vary between 1.08 and 2.14 physical hours (see Table 1 ).
More formally, cognitive time distortion is understood in this study as the ratio between cognitive time (t c ) and physical time (t p ), or
Here, t c denotes the cognitive time assessment conducted by a worker, while t p represents the physical time of the corresponding time duration, measured by a clock. In appraising cognitive time distortion, there is a need to relate both cognitive time and physical time to the same frame of reference; in other words, these two temporal experiences must be related to the same event. Examples of frame of reference include a task, activity, process, project, or service contract. Incorporating this notion of event allows time distortion to be understood as a relative measure, as the distortion that occurs when an individual assesses a temporal duration for a given event in relation to its corresponding physical time. Consequently, time distortion, denoted as τ i , is the ratio between the cognitive time t c and physical time t p of a certain event i, shown formally as follows:
In the context of an economic organization, t p denotes the time agreed upon in a given contract, where i stands for contract number "i" of a given organization. It follows that time distortion τ i is limited by [0…L], where L is a large number, and that a value of τ i corresponding to unity signifies the total conformity between cognitive and physical time. Thus, τ i = 1 indicates perfect unity between cognitive time and physical time, denoted as τ i = 100%. The nature of this correspondence is a source of faulty assumptions in both theoretical and managerial orthodoxies, due to unawareness of the cognitive time distortion. The seriousness of this faulty assumption is emphasized through a short recall of three key insights derived from studies of cognitive time distortion (von Schéele & Haftor, 2014) . The first is that cognitive time distortion is unconditional for human cognition. The second insight is that the scope of the time distortion is significant and prevalent in all aspects of human daily life, including business and economic activities. The third insight is that the degree of cognitive time distortion is variant rather than constant, and is influenced by a set of different factors, including an individual's biology, psychology, and various environmental conditions (von Schéele & Haftor, 2014) . Taken together, these insights suggest that cognitive time distortion should have significant, yet little-known, consequences for knowledge worker productivity.
The contract mode and its lever effect
A key point of departure for the conception of an economic organization is the contract (e.g., Coase, 1937; Williamson, 2002 ). An economic organization is understood as a bundle of various kinds of contracts, including between the organization and its customers, the organization and its employees, and the organization and its suppliers (Coase, 1937; Williamson, 2002.) . As the focus of the present study is worker productivity, the following elaboration accounts for customer and employee contracts only. Two standard forms of customer contracts are the delivery of an offering to the customer based on (i) a fixed-price contract and (ii) that based on a running-account contract. For simplicity, this study assumes that employees are contracted by their organization on a fixed-price contract, an assumption that may be modified easily if needed. Another central assumption is that service production significantly depends on input and output occurring simultaneously under production (Grönroos & Ojasalo, 2004) . Any time duration passes irreversibly, and it cannot be argued that time-input and/or time-output can be manipulated independently of each other. Thus, the work time delivered to a customer, t TOT , and the time worked by the employee suggests that there are further properties of time to be considered. By relating the cognitive time distortion presented in this subsection to the two types of customer contracts, the following insights are derived: a) Delivery at a fixed price (fixed-price contract). The delivering organization and the customer agree on the total time-volume of the service (t p ) and price prior to service delivery. The time distortion τ is considered with reference to the predefined time in the fixed-price contract (t p ). b) Delivery on current account (current-account contract). The Table 1 Cognitive time: literature review of mean values of 1 cognitive hour, obtained by human self-assessment in relation to physical time.
Source
Mean value of 1 psychic hour (hours) Mackleod and Roff (1936) 1.22 Vernon and McGill (1963) 1.08 Siffre (1964) 2.14 Lavie and Webb (1975) 1.12 Aschoff (1985) 1.47 Campbell (1990) 1.12 provider and customer agree on the price per time-unit for the delivery. However, the total time-volume (t p ) remains unspecified. For each additional hour performed, the provider charges the customer an hourly fee. For such an economic agreement, the time distortion τ is considered with reference to the physical clock time (t p ).
As these two kinds of contracts regard work time differently, the impact of cognitive time distortion differs between them, as illustrated in Fig. 1 Assuming that time distortion to a customer delivery is > 100% (τ-axis in Fig. 1) , as implied by the above-listed empirical studies (Table 1) , the non-linear curve for fixed-price contracts and time distortion generates a decrease in TR per time unit. Simultaneously, the time distortion to the customer generates a lower utilization of the employee's work time, which increases TC per time unit, as the time distortion decreases (δ-axis in Fig. 1) . Thus, the irreversible and nonlinear nature of the time distortion simultaneously influences TR per time unit and TC per time unit, and gives rise to a lever effect in the productivity function.
Knowledge worker productivity
With the building blocks elaborated in Section 2, the foundation is laid for the construction of a novel theory of knowledge worker productivity. To start with, parameter α denotes the relative amount of time delivered on a fixed-price contract. Therefore, α < 1, and (1 − α) denotes the relative amount of time delivered on a current account. This leads to the re-formulation of Eq. (2) of a production output into Eq. (5):
The first term of the output corresponds to the volume of time delivered on a fixed-price contract, while the second term is the time volume delivered on the current account, in which Eq. (5) corresponds to the numerator in Eq. (3). By rearranging the terms in Eq. (5), and including the conditions for the cognitive time distortion on both fixedprice contracts and contracts on current account, Eq. (6) is derived:
For TC, cognitive time distortion is denoted by δ, as a distinction from the cognitive time distortion related to TR. With reference to Fig. 1, Eq. (2) is reformulated into Eq. (7), so that the production input is a fixed-price employee contract with the curve-linear properties of δ:
An organization may hold i (i = 1…n) customer contracts, and j (j = 1…m) employee contracts. Thus, combining Eqs. (3), (6), and (7) enables the following formulation of a general equation for productivity change during the period t and t + 1 of an economic organization: 
In Eq. (8), p 1 and p 2 represent the average price of time in outputs and inputs, respectively. The equation provides information about the productivity change with reference to cognitive time distortion, and the relative amount of fixed-price contract related to contracts on current account. By holding the assumptions that there are no changes in prices p 1 and p 2 and that, for simplicity, there is only one customer contract and one employee contract, Eq. (8) can be transformed and simplified into Eq. (9) as follows:
(1 ) 
A non-intuitive message from Eq. (9) is that a productivity change between time t and t + 1 in an economic organization with stable price depends on both the cognitive time distortion and the employed mode of contract.
Illustration of the productivity lever effect
To illustrate the non-linear effects of cognitive time distortion on worker productivity, Table 2 provides fictional data for the estimation of knowledge worker productivity caused by cognitive time distortion (τ and δ) and contract mode (α). As cognitive time distortion occurs in inputs and outputs simultaneously (Grönroos & Ojasalo, 2004) , the distortion in TR must invoke a corresponding distortion in TC. For clarity of illustration, cognitive time distortion in time t is set to correspond to unity (Table 2) , which is a highly unrealistic figure (Table 1) . Fig. 1 . Time distortion and contractual form. Notes: This figure illustrates the relationships between time distortion caused by the contracted pricing form; the straight line represents a current-account contract, and the curved line represents a fixed-price contract. The left-hand graph shows workers' revenue, and the right-hand graph shows workers' costs. The simultaneous combination of the two graphs represents the hidden-lever effect of knowledge worker productivity, caused by time distortion.
Table 2
Lever effects: illustration of the effects of cognitive time distortion in three fictive cases:
Productivity P(τ, δ, α) changes due to changes in cognitive time distortion (τ and δ) and contract mode (α). Schéele et al. Journal of Business Research 101 (2019) 591-596 In Case A, a moderate level of cognitive time distortion is assumed, compared to the situation in time t. The lever-effect indicates that a cognitive time distortion of only 5%, on inputs and outputs, decreases productivity by 9%. Case B illustrates a more accentuated lever effect, as a cognitive time distortion of 20% decreases worker productivity by 32%. Finally, Case C assumes the same cognitive time distortion as Case B, but the productivity change is conditioned by changed contract mode. The level of fixed-price contracts is lowered from 95% to 75%, which increases productivity from 68% to 74%, compared to Case B. This illustrates that the lever effect influences productivity only through changes of contract mode.
As demonstrated in Table 2 , the productivity index P(τ, δ, α) may vary between 0.68 and 0.91, which indicates the impact of the lever effect from cognitive time distortion and contract mode. A key message from the theory of knowledge worker productivity advanced in this study is that such productivity and its change is conditioned by cognitive time distortion. Therefore, it is central to the understanding of some key characteristics of the nature of cognitive time distortion, as summarized in the next subsection.
Central statistical properties of cognitive time distortion
To elucidate the statistical nature of the time distortion τ, consider P (τ) as the probability function of the stochastic time distortion variable τ. In addition, let p(τ) express the probability that a time distortion of magnitude τ occurs. The expectancy value E(τ) of the time distortion τ in a set consisting of i events, [i = 1…r] , can then be defined as E(τ) = ∑ i p(τ i ) * τ i . Assuming that the individuals of a given population are unbiased or randomly biased, the time distortion then exhibits a probability distribution P(τ) with the following properties:
i. P(τ) is not symmetrically distributed around τ = 1. This implies that the arithmetical mean value μ τ ≠ 1 and the expectancy value E (τ) ≠ 1. A large body of empirical evidence supports this result, showing that individuals who assess time exhibit a tendency to overestimate the passage of time (e.g., Aschoff, 1985; von Schéele, 2001) . ii. P(τ) is not Gaussian distributed. Aligned with recent productivity studies (O'Boyle Jr. & Aguinis, 2012), time distortion exhibits an asymmetric distribution with a long tail for values of τ > 1 (von Schéele, 2001 ). In such distributions, it should not be expected that the arithmetical mean value μ τ corresponds to the expectancy value E(τ). Serious errors will be committed if a Gaussian distribution of time distortion is assumed in economic calculus, as such an assumption builds on faulty presuppositions that both the arithmetic mean value μ τ and the expectancy value E(τ) are equal to unity. iii. Feedback sensitive. The statistical distribution of cognitive time distortion is sensitive to time-related feedback. As a consequence of the previously mentioned generic causes for the emergence of cognitive time distortions, together with its stochastic characteristic, the standard deviation SD(τ) as well as the arithmetic mean value μ τ can be manipulated by means of priming techniques (e.g., von Schéele, 2001, pp. 309-310) . This induces the hypothesis that time distortion in human operations can be minimized by cognitive techniques, thereby significantly influencing and changing worker productivity.
Discussion and conclusions
Worker productivity has been intensively debated by economists, policymakers, and managers, with some calling for the revival of the productivity paradox (Acemoglu et al., 2014; Baily & Montalbano, 2016; Brynjolfsson & McAfee, 2014; Byrne et al., 2016; Gabrielczak & Serwach, 2018; Gordon, 2016; Noja, 2018) . Even though productivity is at the heart of business and economics, its conditions are still unknown (Krugman, 1994) . On the one hand, today's work is characterized by being information and knowledge intensive, producing mainly services; on the other hand, theorization of worker productivity remains bound, in several aspects, to the conditions of the industrial era (Brynjolfsson & McAfee, 2014) . One such key aspect of worker productivity is work time, which has been central to both managerial practices and theorization-at least since Taylor (1911) . Organizational scholars have recently recognized that workers have two kinds of temporal experiences: physical time and cognitive time (Agarwal et al., 2002; Ancona et al., 2001; Orlikowski & Yates, 2002; Yakura, 2002) . This recognition articulates that these two temporal experiences oppose each other, without formally relating them (Orlikowski & Yates, 2002) , which hinders the establishment of a conception of worker productivity that accounts for the two kinds of temporal experiences. Consequently, orthodox managerial economic theorization of worker productivity is based on physical work time only (Samuelson & Marks, 2014; Varian, 2014) . This limitation fails to do justice to workers' actual experience of work time, and thereby misguides managerial decision-making. The present study addressed this limitation for the first time and resolved it formally.
The foundation of the theory of knowledge worker productivity advanced in this study is first derived from the recognition of workers' cognitive time and then in the formulation of its relationship to workers' physical time, thereby giving rise to the notion of cognitive time distortion. This study articulates the inherent relationships between time distortion and the types of contracts utilized by an economic organization. This, in turn, enables this study to unearth-for the first time-a hidden productivity lever effect. The latter shows that, under the condition of fixed-price contract, even a minor degree of cognitive time distortion generates significant productivity loss of multiple magnitudes. The worker productivity function in this study shows that, under given circumstances, knowledge worker productivity is conditioned only by workers' time distortion and the mode of contracts utilized. This is a novel contribution to the worker productivity literature (Aral et al., 2012; Boothby et al., 2010; Boyer O'Leary et al., 2011; KarrWisniewski & Lu, 2010; Pierce et al., 2015; Tan & Netessine, 2014; Westover et al., 2009; Yang & Zheng, 2011) . As cognitive time distortion is, to a certain degree, conditioned by random effects from its causing factors (i.e., an individual's biology, psychology, and environment), worker productivity is also conditioned by such random effects. This, in turn, implies that any productivity enhancement initiatives in economic organizations, such as investment in new technologies and work practices, may generate an illusory productivity increase. This implication suggests that practitioners may benefit from significant productivity gains from educational and training programs that establish workers' awareness of their individual time distortion and provide them with skills to reflect on and reduce their time distortions.
The theorization proposed in this study requires further research, including (i) empirical and practical tests of the proposed productivity functions; (ii) the operationalization of the model proposed, particularly the measurement of cognitive time; and (iii) the management of workers' cognitive time distortion through various priming techniques. The last point is particularly urgent, as the illustration provided here shows that a minor level of time distortion causes significant worker inefficiencies.
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